Although cellular immunity is essential for host defense during intracellular bacterial infections, humoral immunity can also play a significant role in host defense during infection by some intracellular bacteria, including the ehrlichiae. Antibodies can protect susceptible SCID mice from fatal Ehrlichia chaffeensis infection, an observation that has been hypothesized to involve the opsonization of bacteria released from host cells. To determine whether humoral immunity plays an essential role during ehrlichia infection in immunocompetent mice, we utilized a murine model of fatal monocytotropic ehrlichiosis caused by Ixodes ovatus ehrlichia. Mice lacking either B cells or Fc␥RI were unable to resolve a low-dose (sublethal) I. ovatus ehrlichia infection, which suggested that humoral immunity is essential for resistance. Polyclonal sera generated in I. ovatus ehrlichia-infected mice recognized a conserved ehrlichia outer membrane protein and, when administered to infected mice, caused a significant decrease in bacterial infection. Mice experimentally depleted of complement, or deficient for complement receptors 1 and 2, were also susceptible to sublethal I. ovatus ehrlichia infection, as were mice that lacked the phox91 subunit of NADPH oxidase. The data are consistent with a mechanism whereby bacteria released from infected cells are lysed directly by complement or undergo antibody-mediated Fc␥R-dependent phagocytosis and subsequent exposure to reactive oxygen intermediates. The findings suggest mechanisms whereby antibodies contribute to immunity against intracellular bacteria in immunocompetent mice.
Although cellular immunity is essential for host defense during intracellular bacterial infections, humoral immunity can also play a significant role in host defense during infection by some intracellular bacteria, including the ehrlichiae. Antibodies can protect susceptible SCID mice from fatal Ehrlichia chaffeensis infection, an observation that has been hypothesized to involve the opsonization of bacteria released from host cells. To determine whether humoral immunity plays an essential role during ehrlichia infection in immunocompetent mice, we utilized a murine model of fatal monocytotropic ehrlichiosis caused by Ixodes ovatus ehrlichia. Mice lacking either B cells or Fc␥RI were unable to resolve a low-dose (sublethal) I. ovatus ehrlichia infection, which suggested that humoral immunity is essential for resistance. Polyclonal sera generated in I. ovatus ehrlichia-infected mice recognized a conserved ehrlichia outer membrane protein and, when administered to infected mice, caused a significant decrease in bacterial infection. Mice experimentally depleted of complement, or deficient for complement receptors 1 and 2, were also susceptible to sublethal I. ovatus ehrlichia infection, as were mice that lacked the phox91 subunit of NADPH oxidase. The data are consistent with a mechanism whereby bacteria released from infected cells are lysed directly by complement or undergo antibody-mediated Fc␥R-dependent phagocytosis and subsequent exposure to reactive oxygen intermediates. The findings suggest mechanisms whereby antibodies contribute to immunity against intracellular bacteria in immunocompetent mice.
The lack of a clear in vivo role for antibodies in protection against infection by several well-characterized pathogens, including Mycobacterium tuberculosis and Listeria monocytogenes, has contributed to the idea that humoral immunity has at most a minor role in protection against intracellular bacterial infection (17, 21) . This is due in part to the fact that intracellular bacteria reside within host cells, which are thought to provide an environment that is protected from the activities of antibodies and complement. Nevertheless, accumulating evidence has indicated that humoral immune responses can be important for protection against a number of intracellular pathogens (5), including Salmonella enterica serovar Typhimurium (30, 31) , Cryptococcus neoformans (33) , and Listeria monocytogenes (11, 12) . Antibodies have also proved to be effective during rickettsial and ehrlichial infections (14, 27, 42) . It has been suggested that past failures to identify protective antibodies during some intracellular infections could be attributed to insufficient dosages of protective antibodies, inappropriate specificity and/or isotype, and host genetic background (6) . Thus, humoral immunity may play a more important role in host defense during intracellular bacterial infections than previously realized.
Our previous studies of humoral immunity demonstrated that passive transfer of antibodies could prevent fatal disease during Ehrlichia chaffeensis infection of immunodeficient SCID mice (27, 48) . It was later proposed that antibodies mediated bacterial clearance, at least in part, by opsonizing bacteria released from infected host cells (26) . Although these findings demonstrated a possible therapeutic role for antibodies during ehrlichial infections, the relevance of the findings for infections in healthy immunocompetent mice and humans was unclear.
E. chaffeensis does not cause fatal disease in immunocompetent mice, so recent studies of ehrlichial immunity have utilized a mouse model of fatal monocytotropic ehrlichiosis caused by infection with an ehrlichia closely related to E. chaffeensis, known as Ixodes ovatus ehrlichia (39, 41) . I. ovatus ehrlichia infection causes disease in immunocompetent mice that closely resembles human monocytotropic ehrlichiosis, and this murine model of ehrlichiosis has been used to investigate cellular immunity (3, 20) . As has been described for other intracellular bacteria, cellular immunity is essential for host defense during I. ovatus ehrlichia infection (3) . A major role is played by type 1 CD4 T cells (3), although evidence suggests that cross-reactive antibodies elicited during heterologous ehrlichial infection can contribute to protective immunity (20) . The requirement for humoral immunity during I. ovatus ehrlichia infection was not resolved, however, and although our previous studies in the SCID mouse model suggested that antibodies encounter bacteria outside of host cells, the mechanism(s) whereby antibodies might contribute to pathogen clearance in immunocompetent mice was unclear. In the present study we demonstrate that humoral immunity is essen-room temperature, and nucleic acids were precipitated in 0.25 ml of prechilled (Ϫ20°C) absolute ethanol for a minimum of 30 min at room temperature. The precipitate was collected by centrifugation, washed twice with 75% ethanol, dissolved in 0.2 ml of 8 mM sodium hydroxide, and then treated with 3 l of 1 M HEPES to adjust the pH to 7.4. The concentration of the purified DNA (containing both mouse and bacterial genomes) was determined by measurement of absorbance at 260 nm using a spectrometer (Eppendorf, Hamburg, Germany). Quantitation of the ehrlichiae in tissue DNA samples was carried out as described previously (3) . Quantitation of E. muris was performed in a manner identical to that for I. ovatus ehrlichia, except that the following oligonucleotides from the E. muris 16S rRNA gene were utilized: 5Ј ATAGGTTCGCTATTAG TGGC 3Ј and 5Ј CACCTCTACACTAGGAATTCCGC 3Ј.
Immune serum. Immune serum was obtained from C57BL/6 mice 4 weeks following low-dose I. ovatus ehrlichia infection and was administered to each recipient 1 and 4 days following high-dose challenge infection. Normal serum was obtained from an uninfected C57BL/6 mouse. E. muris immune serum was obtained 4 weeks following inoculation of C57BL/6 mice with infected splenocytes containing approximately 4 ϫ 10 4 bacteria. ELISA. Assay for I. ovatus ehrlichia-specific serum immunoglobulins (Igs) was performed by enzyme-linked immunosorbent assay (ELISA), as described previously (27) , using recombinant I. ovatus ehrlichia p28 OMP-19 as the antigen.
Experimental depletion of complement. Mice were depleted of complement by treatment with 200 g/kg of body weight of Naja naja kaouthia cobra venom factor (CVF; Calbiochem, La Jolla, CA), as described previously (15) . A single dose of CVF was sufficient to deplete complement component C3 from the plasma of mice for up to 3 days, as determined using an ELISA specific for mouse complement component C3. Depletion was effectively maintained using successive doses of CVF. After I. ovatus ehrlichia infection, mice were administered injections of CVF every 3 days until the end of the experiment.
Detection of host-cell-free ehrlichiae. Blood from I. ovatus ehrlichia-infected mice was obtained via cardiac puncture and was collected in tubes containing the anticoagulant EDTA. Samples were centrifuged at 200 ϫ g for 10 min to separate the cellular fraction from the plasma. The plasma was collected and centrifuged at 300 ϫ g for 10 min, and the supernatant was passed through a 5-m filter to remove any residual peripheral blood mononuclear cells and cell debris, as described previously (26) . The centrifuged material was resuspended in sucrosephosphate-glutamate buffer, and the number of bacteria in the suspension was determined using the quantitative PCR assay.
Statistical analyses. Statistical tests for data in Fig. 1 and 2 involved calculating the medians between paired control and experimental groups, followed by use of the Mann-Whitney test or Fisher's exact probability test to assess differences between the groups. Statistical tests for data in Fig. 3 and 4b utilized a one-way analysis of variance followed by Dunnett's multiple comparison test to assess differences between groups. Survival studies were subjected to log rank analysis to assess significance. All statistical analyses were performed using Prism 4 software (GraphPad, San Diego, CA).
RESULTS
B cells are essential for host defense during I. ovatus ehrlichia infection. Our previous studies of humoral immunity during ehrlichial infection of SCID mice suggested that B cells and antibodies could also play a role during infection of immunocompetent mice. To determine whether B cells were essential for immunity during I. ovatus ehrlichia infection, we investigated disease susceptibility in two strains of B-cell-deficient mice (J H D Ϫ/Ϫ and MT Ϫ/Ϫ ) that were infected with I. ovatus ehrlichia obtained from cryopreserved infected mouse splenocytes. Mice were infected with a low dose of bacteria previously established to be sublethal in immunocompetent mice (approximately 100 bacteria). The BALB/c J H D Ϫ/Ϫ mice carry a targeted deletion of the immunoglobulin heavy chain J locus (7); as a consequence, they lack mature B lymphocytes and are unable to produce IgG and IgM. Low-dose-infected J H D Ϫ/Ϫ mice became moribund by day 14 postinfection (Fig. 1a) . Moribund mice typically exhibited hunched posture, ruffled fur, weight loss, and decreased responses to stimuli and were judged to be incapable of surviving infection. BALB/c control mice infected with an equivalent dose of I. ovatus ehrlichia did not succumb and resolved the infection within 10 days, as described previously (3) . To confirm that the apparent requirement for B cells was independent of genetic background and the induced mutation, we also analyzed C57BL/6 congenic mice genetically deficient for the heavy chain of IgM (MT Ϫ/Ϫ ). These mice do not express membrane-bound IgM, and as a consequence, they also lack mature B cells and fail to produce antibodies (24) . Low-dose-infected C57BL/6 MT Ϫ/Ϫ mice were also susceptible to fatal disease, unlike wild-type control mice (Fig. 1b) . The B-cell-deficient mice exhibited significantly higher levels of bacterial infection in spleen tissue 10 days postinfection than did congenic control mice (Fig. 1c ). These data demonstrate that B cells are essential for protection against low-dose I. ovatus ehrlichia challenge infection.
Antibodies generated in I. ovatus ehrlichia-infected mice recognize a conserved outer membrane protein. Previous studies have demonstrated that outer membrane proteins (p28 OMPs) are immunodominant antigens during infection with the closely related ehrlichia E. chaffeensis (27) , and OMP antibodies are highly effective at controlling infection in SCID mice. To determine whether p28 OMPs were also recognized during I. ovatus ehrlichia infection, we performed ELISA to evaluate and quantitate OMP antibodies. The ELISA used recombinant I. ovatus ehrlichia p28 OMP-19 which had been produced in E. coli and purified to homogeneity. OMP-19 is an OMP expressed during E. chaffeensis infection in mice (40) , so there is a high likelihood that the I. ovatus ehrlichia homologue of this OMP is expressed during I. ovatus ehrlichia infection. Immune serum obtained from C57BL/6 mice 28 days post-lowdose-infection revealed a total reciprocal immunoglobulin titer of 320 (Table 1) , which is consistent with published data (20) . Analysis of isotype-specific responses in I. ovatus ehrlichia immune serum revealed low to moderate levels of p28 OMP-19 IgM and IgG2b but undetectable IgG1, IgG2a, and IgG3 (Table 1). By comparison, mice infected with E. muris generated eightfold-higher cross-reactive I. ovatus ehrlichia OMP-19 total Ig and IgM responses and detectable IgG of all isotypes. Nevertheless, OMP-19 antibodies are generated during low-dose I. ovatus ehrlichia infection, and it is possible that these contributed to protective immunity. Immunoblot analyses performed to identify other antigens in I. ovatus ehrlichia-infected mice were unsuccessful (data not shown), but it is likely that other OMP and non-OMP antigens, in addition to p28 OMP-19, are recognized and contribute to humoral immunity.
Antibodies contribute to I. ovatus ehrlichia immunity during low-dose infection. The susceptibility of the B-cell-deficient mice to low-dose I. ovatus ehrlichia challenge infection suggested that protection was mediated by antibodies. To address whether antibodies could contribute to immune protection, immune serum was administered to C57BL/6 mice following high-dose I. ovatus ehrlichia infection (two times the 50% 2 bacteria, administered via the peritoneum, and morbidity was monitored at the indicated times thereafter. Five mice were used per group, and the data are representative of three independent experiments. Log rank analyses indicated that survival differences in panels a and b were statistically significant (P ϭ 0.0126 and 0.0119, respectively). In separate experiments, bacterial colonization in spleen tissue was determined in mice on day 10 postinfection (c). The values represent bacterial copy numbers of the I. ovatus ehrlichia 16S rRNA gene detected in 10 ng of spleen DNA. Typically, 10 to 100 bacteria are detected within 10 ng of genomic DNA isolated from the spleens of infected C57BL/6 mice on day 10 postinfection. Congenic BALB/c and C57BL/6 mice were used as controls for the J H D and MT mice, respectively. Statistical analyses (performed using Fisher's exact probability test) demonstrated that the higher bacterial loads in the gene-targeted mice were statistically significant (P Ͻ 0.05).
FIG. 2. Transfer of I. ovatus ehrlichia (IOE)
immune serum reduced the bacterial burden in high-dose-infected mice. I. ovatus ehrlichia immune sera were obtained from low-dose-infected C57BL/6 mice 28 days following infection. Recipient mice were administered normal or immune sera (0.2 ml) 1 and 4 days following a high dose of I. ovatus ehrlichia (approximately 1,000 bacteria). Bacterial colonization of spleen tissue was examined on day 10 postinfection. Each of the recipient mice is indicated, and the horizontal line indicates the mean of each group. Statistical analyses were performed using the MannWhitney test (P ϭ 0.014; 95% confidence, one-tailed). The data are representative of two experiments. The immune serum used in the experiments shown was the same as that analyzed in Table 1 lethal dose). The experiment was performed using high-doseinfected mice because low-dose-I. ovatus ehrlichia-infected mice normally resolve infection and exhibit low levels of bacterial infection. Moreover, as low-dose-I. ovatus ehrlichia-infected mice are not protected from a subsequent high-dose challenge (3), administration of immune sera was unlikely to provide protection from fatal high-dose I. ovatus ehrlichia infection. Therefore, we addressed whether administration of immune serum could mediate a reduction in bacterial infection following high-dose infection. The immune sera were obtained from C57BL/6 mice 4 weeks following low-dose I. ovatus ehrlichia infection, and 0.2-ml aliquots were administered 1 and 4 days following high-dose I. ovatus ehrlichia infection. Transfer of immune sera caused a reduction in bacterial infection in the spleen on day 10 postinfection, relative to mice that were administered normal mouse sera (Fig. 2) . These data indicate that antibodies can contribute to host defense during fatal monocytotropic ehrlichial infection in immunocompetent mice and suggest that the susceptibility of the B-cell-deficient mice to fatal infection was at least in part due to a failure to produce antibodies. Fc␥RI is required for host defense. The mechanisms whereby antibodies mediate immunity to intracellular bacteria have not been fully resolved. Because effector functions of antibodies are commonly mediated by binding of Ig constant regions to FcRs, we examined whether FcRs were required during I. ovatus ehrlichia infection, by infecting mice genetically deficient for Fc␥RI, Fc␥RIII, or the FcR common ␥ chain. The FcR common ␥ chain is required for function of both Fc␥RI and Fc␥RIII. Mice lacking Fc␥RI alone succumbed to low-dose I. ovatus ehrlichia infection, whereas C57BL/6 and Fc␥RIII-deficient mice did not (Fig. 3a) . The FcR common ␥ chain-deficient and Fc␥RI-deficient mice exhibited significantly higher bacterial burdens than the C57BL/6 mice 10 days postinfection (Fig. 3b) . In separate experiments, the Fc␥RIII-deficient mice cleared the infection, like the wildtype mice (data not shown). These data demonstrate that Fc␥RI is essential for host defense during I. ovatus ehrlichia infection.
Complement and complement receptors are necessary for resolution of I. ovatus ehrlichia infection. Complement has not been reported to be involved in host defense against most intracellular bacteria. However, antibody binding to the pathogen surfaces can initiate the classical complement pathway, and upon activation, complement components can facilitate the destruction of microbes through direct lysis and/or phagocytosis (44) . To determine whether complement was required during I. ovatus ehrlichia infection, we experimentally depleted complement in C57BL/6 mice, prior to and during infection, by treatment with CVF. CVF is a structural analog of complement component C3 and has been used extensively to deplete complement in animals (8) . CVF administration depleted C3 to undetectable levels for at least 3 days following treatment (data not shown). The CVF-treated mice succumbed to lowdose I. ovatus ehrlichia infection (Fig. 4a) , indicating that complement is required for immunity. Other experiments were performed to address the requirements for complement receptors (CRs). CR1 and CR2 recognize complement components and are involved in the uptake of opsonized particles, as well as in the generation of B-cell responses (10, 18) . Mice deficient for both CR1 and CR2 were also susceptible to low-dose in- a Sera were obtained from three C57BL/6 mice at least 4 weeks following low-dose I. ovatus ehrlichia or E. muris infection. Sera were pooled and ELISA was performed as described in Materials and Methods.
b Titer is expressed as the reciprocal of the highest dilution giving an absorbance value of at least 0.1 absorbance units above the absorbance value observed with serum from uninfected mice.
c ND, not detected.
FIG. 3.
Fc␥RI is essential for I. ovatus ehrlichia host defense. C57BL/6 mice and mice deficient for the FcR common ␥ chain (FcR␥c KO), Fc␥RI, and Fc␥RIII (as indicated) were infected with a low dose of I. ovatus ehrlichia (approximately 1 ϫ 10 2 bacteria), and morbidity was monitored (a). The survival data were statistically significant (P ϭ 0.0341). In separate experiments, bacterial colonization in spleen tissue was analyzed in mice on day 10 postinfection (b). Five mice were used per group, and the data are representative of three independent experiments. Results of the statistical analysis (one-way analysis of variance) are indicated. **, P Ͻ 0.01; *, P Ͻ 0.05. Fig. 4b) , further supporting a role for complement in I. ovatus ehrlichia immunity. Host-cell-free bacteria were detected during I. ovatus ehrlichia infection. Complement-and/or Fc␥R-mediated phagocytosis-dependent elimination of I. ovatus ehrlichia suggested that bacteria are exposed to these components and receptors extracellularly. Previous studies of E. chaffeensis revealed that these ehrlichiae could be recovered from the plasma of infected mice (26) , so it was hypothesized that I. ovatus ehrlichia would also be found outside host cells during active infection. To address this possibility, we collected host-cell-free plasma from C57BL/6 mice 10 days following a high-dose I. ovatus ehrlichia infection. To determine whether host-cell-free bacteria were present, we filtered the plasma to remove contaminating peripheral blood mononuclear cells and assayed bacteria using quantitative PCR. As was observed during E. chaffeensis infection, I. ovatus ehrlichia was detected in the host-cell-free plasma of infected mice (mean copy number, 2.6 ϫ 10 5 Ϯ 28,740 bacteria per ml). The plasma was infectious, as BALB/c-scid mice infected with the plasma succumbed to disease (data not shown). These data suggest that I. ovatus ehrlichia, like E. chaffeensis, can be also be found outside host cells during infection; this characteristic may cause the bacteria to be susceptible to humorally mediated host defenses.
A role for NADPH oxidase in host defense. Antibody-antigen complexes bind and cross-link Fc␥Rs expressed on phagocytic cells, thereby facilitating phagocytosis of bound antigens. Concomitant with the uptake of antibody-antigen complexes, reactive oxygen species (ROS) are generated at the phagosomal membrane by action of the NADPH-oxidase enzyme complex (22) . The production of ROS has been shown to be critical for host defense against many extracellular and intracellular pathogens (34, 46) . To examine the role of ROS generation during I. ovatus ehrlichia infection, we challenged mice deficient for gp91 phox , a component of the NADPH oxidase enzyme complex, with low-dose I. ovatus ehrlichia. gp91phox Ϫ/Ϫ -deficient mice succumbed to low-dose challenge by day 14 postinfection (Fig. 5) , indicating that NADPH oxidase-dependent ROS are critical for the resolution of I. ovatus ehrlichia infection and may play a role in humoral immunity.
DISCUSSION
Our data demonstrate an essential role for B cells and antibodies during low-dose I. ovatus ehrlichia infection in immunocompetent mice. Although several studies have now demonstrated that passive transfer of antibodies can mediate immunity during ehrlichial and rickettsial infections (13, 14,   FIG. 4 . I. ovatus ehrlichia immunity requires both complement and complement receptors. a. C57BL/6 mice were depleted of complement by treatment with CVF 1 day prior to low-dose I. ovatus ehrlichia infection and every 3 days thereafter. Control mice were administered vehicle alone. Five mice were used per group, and the data are representative of three independent experiments. b. C57BL/6 mice or mice doubly deficient for complement receptors 1 and 2 (CR1/CR2) were administered a low dose of I. ovatus ehrlichia. Five mice were used per group, and the data are representative of three experiments. Log rank analyses indicated that survival differences in panels a and b were statistically significant (P ϭ 0.0144 and 0.0009, respectively).
FIG. 5.
NADPH oxidase-derived reactive oxygen species are essential for I. ovatus ehrlichia immunity. Wild-type C57BL/6 mice, and mice deficient for gp91phox, were administered a low dose of I. ovatus ehrlichia. Five mice were used per group, and the data are representative of three independent experiments. The data were statistically significant (P ϭ 0.0341), as determined by log rank analysis.
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HUMORAL IMMUNITY DURING EHRLICHIA INFECTION 8013 48), the requirement for antibodies during normal host defense in immunocompetent mice had been unclear. The requirement for B cells for immunity to low-dose I. ovatus ehrlichia challenge in turn suggested a role for antibodies in host defense. Accordingly, transfer of immune sera to mice following highdose I. ovatus ehrlichia challenge infection resulted in a reduction of bacterial load. It is unlikely that nonspecific inflammatory factors in immune serum contributed to protection, as the immune serum was obtained well after low-dose I. ovatus ehrlichia infection had been resolved. These data strongly suggest that antibodies generated during I. ovatus ehrlichia infection are necessary for protection against low-dose infection in C57BL/6 mice. Although the data support an essential role for antibodies, p28 OMP-19 titers generated during I. ovatus ehrlichia infection were much lower than those generated during E. muris or E. chaffeensis infection (20, 27 ; this study). Previous data indicated that anti-OMP responses are both dominant and protective during E. chaffeensis infection, so it is likely, nevertheless, that OMP responses are good indicators of protective humoral immunity during I. ovatus ehrlichia infection. Thus, one explanation for the observed effect of immune serum is that the relatively low OMP-19 titers in the low-dose-I. ovatus ehrlichiainfected mice were sufficient for protection against low-dose, but not high-dose, I. ovatus ehrlichia infection. This may explain why low-dose-I. ovatus ehrlichia-infected mice were not protected from a subsequent high-dose challenge infection (3). Another explanation is that antibodies of other (non-OMP) specificities were involved in immunity. In either case, the data do not diminish the potential importance of antibodies in ehrlichia infection. Instead, they indicate that even relatively weak antibody responses may be protective during low-dose infection, an observation that is probably physiologically relevant, given that relatively low numbers of bacteria are likely to be transmitted during tick feeding. Why apparently more robust humoral immunity is generated during heterologous ehrlichia infection than during low-dose I. ovatus ehrlichia infection is not presently understood. However, the observation that I. ovatus ehrlichia elicits relatively weak p28 OMP-19 antibody responses suggests that humoral responses may be poorly induced during I. ovatus ehrlichia infection. The low p28 OMP-19 responses are unlikely to be due only to reduced antigen levels in the low-dose-I. ovatus ehrlichia-infected mice, as similar observations were made in high-dose-I. ovatus ehrlichia-challenged mice (20) . An alternative explanation is that OMPs other than OMP-19 are targets of antibody recognition in I. ovatus ehrlichia-infected mice. Although it is possible that I. ovatus ehrlichia expresses OMPs other than OMP-19, it is surprising that cross-reactive OMP-19 responses generated in E. muris-infected mice were much more robust than I. ovatus ehrlichia OMP-19 responses generated during I. ovatus ehrlichia infection. Thus, the data are more consistent with the notion that I. ovatus ehrlichia-infected mice generate relatively poor antibody responses.
Although our data demonstrate an essential role for B cells during I. ovatus ehrlichia infection, some caution is in order when the studies of the B-cell-deficient mice are interpreted, because these mice exhibit deficiencies in lymphoid tissue organization or other defects that may affect other nonhumoral arms of the immune response (17, 21, 38) . Passive transfer of immune sera can protect B-cell-deficient animals from some pathogens, indicating that the essential function of B cells during these infections was antibody production (9, 43) . However, in our studies, attempts to complement the susceptibility of B-cell-deficient mice to low-dose I. ovatus ehrlichia infection by passive transfer of immune sera were unsuccessful (E. Yager and G. Winslow, unpublished data). These observations suggest that B cells perform other functions, in addition to antibody production, that are necessary for immunity during low-dose I. ovatus ehrlichia infection. For example, B cells have been suggested to mediate protection against C. neoformans via the secretion of cytokines that modulate the inflammatory response to infection (38) , and B cells may mediate host defense against the bacterium Pneumocystis carinii by facilitating the activation and expansion of CD4 T cells (28) . Although B cells may play similar roles during I. ovatus ehrlichia infection, our findings nevertheless support the conclusion that at least one essential function of B cells during the response to primary low-dose I. ovatus ehrlichia infection is the production of specific antibodies.
How might antibodies function to mediate protection against an intracellular bacterium? Our previous work has suggested a possible mechanism whereby antibodies opsonize bacteria that either escape from infected host cells or are released during cell lysis. These studies revealed that a significant number of bacteria were found in the plasma of mice during E. chaffeensis infection (26) , and similar observations were made for I. ovatus ehrlichia in the present studies. We have provided additional support for the notion that antibodies function by binding host-cell-free bacteria by also demonstrating an essential requirement for Fc␥RI, which may function in phagocytosis of antibody-opsonized extracellular bacteria. In studies of E. chaffeensis infection, no evidence was found to support alternate explanations that antibodies may gain access to bacteria residing within host cells or that pathogen-specific immune complexes could trigger an FcR-mediated microbicidal respiratory burst in infected host cells (Yager and Winslow, unpublished).
As Fc␥RI was required for protection, it was unexpected that IgG ELISA titers were low to undetectable in low-dose-I. ovatus ehrlichia-infected mice. Nevertheless, it is possible that the IgG2b OMP-19 responses detected in response to I. ovatus ehrlichia infection were sufficient to activate Fc␥RI. IgG2b was apparently not protective in the absence of Fc␥RI, suggesting that a new FcR (FcRIV [35] ) was not sufficient for protection or that the IgG2b titers were too low to be effective. An alternative explanation is that IgG of other specificities was involved in the protective humoral response in low-dose-I. ovatus ehrlichia-infected mice.
The differential requirement for Fc␥RI and Fc␥RIII suggests that antibody effector functions are critical for immunity in this model. Fc␥RI is the high-affinity FcR; it binds monomeric Ig and immune complexes and may be required for optimal antigen presentation (19) . Fc␥RIII is a low-affinity receptor and binds only immune complexes. Both activating Fc␥Rs may function during the humoral response, but Fc␥RIII clearly cannot compensate for the lack of Fc␥RI. These observations are consistent with data indicating that mice deficient for Fc␥RI show greatly reduced rates of uptake for particles bound by IgG2a, even in the presence of Fc␥RIII (2). Thus, the different susceptibilities may simply reflect a greater involvement of Fc␥RI in bacterial phagocytosis. In addition, although the two receptors share similar preferences for IgG isotypes, Fc␥RI has 10-fold-higher affinity for IgG (16, 37, 45) . During E. chaffeensis infection, highly effective antibodies were of the IgG2a isotype (25) , so if this is also true of I. ovatus ehrlichia infection, it may indicate that the requirement for Fc␥RI reflects its higher affinity for IgG. It is also possible that cell type expression differences also contribute to the requirement for Fc␥RI, especially as monocytes/macrophages are targets of I. ovatus ehrlichia infection and Fc␥RI, but not Fc␥RIII, is upregulated by gamma interferon on activated mouse macrophages (19) . This raises a question as to whether Fc␥RI expression is required on infected host cells, or if uninfected Fc␥R-positive cells can mediate immunity. The requirement for Fc␥R expression on host cells is being addressed in ongoing studies and will help to resolve the mechanism whereby antibodies function during intracellular infection.
We have also demonstrated a role for complement and CRs in I. ovatus ehrlichia immunity, which is consistent with the hypothesis that the ehrlichiae are opsonized when encountered in the extracellular milieu, because complement is not known to function within host cells. Caution is again warranted in the interpretation of the complement and CR studies, due to pleiotropic effects of the mutations or depletion protocols; these effects may compromise cellular immunity. Nevertheless, the requirement for complement for I. ovatus ehrlichia humoral immunity is consistent with the hypothesis that the classical pathway of complement fixation is utilized and that the bacteria are encountered by antibodies outside host cells. Our findings demonstrating a role for complement contrast with results of studies of humoral immunity during E. chaffeensis infection of SCID mice, in which experimental complement depletion did not affect the ability of monoclonal antibodies to mediate protection (Yager and Winslow, unpublished data). E. chaffeensis is less virulent for mice than is I. ovatus ehrlichia, so perhaps non-complement-dependent mechanisms are sufficient to allow antibodies to mediate protection during E. chaffeensis, but not I. ovatus ehrlichia, infection. Alternatively, complement may also be required for optimal cellular immunity, or for both cellular immunity and humoral immunity, during I. ovatus ehrlichia infection (4, 32) . The observation that classical complement-mediated pathways of host defense were not sufficient to protect mice from low-dose I. ovatus ehrlichia infection in Fc␥R-deficient mice suggests that complementand FcR-mediated host defenses are nonredundant.
Our data are consistent with a mechanism of humoral immunity during I. ovatus ehrlichia infection whereby bacteria are released from host cells and encounter antibodies that in turn mediate complement fixation and/or binding to host Fc␥RI and complement receptors. Binding of immune complexes to Fc␥RI may mediate a respiratory burst responsible for pathogen killing. The latter scenario is supported by our finding that the phox91 component of the NADPH oxidase is required for host defense, although we have not yet determined whether antibody-mediated mechanisms actually involve ROS. Nevertheless, our findings reveal that ROS are essential for the elimination of I. ovatus ehrlichia and are consistent with evidence that other ehrlichiae may be susceptible to killing by ROS (1) .
Although the proposed mechanism may explain how antibodies can be effective during intracellular bacterial infection, bacteria residing within host cells would still presumably be protected from antibodies, unless the bacteria are released during host cell cytolysis or cytolysis is mediated by CD8 T cells. CD8 T cells are not essential for protection against lowdose I. ovatus ehrlichia infection (3), however, so we propose that antibodies opsonize bacteria released after bacteriuminduced host cell cytolysis and that CD4 T cells produce soluble mediators such as gamma interferon that act to induce killing of bacteria residing within host cells. This scenario may resemble immunity during infections by cytopathic viruses, where it has been suggested that soluble mediators produced by T cells, and neutralizing antibodies, are required for host immunity (23) .
Our findings demonstrate that antibodies are an essential component of host defense during ehrlichial infection in an animal model and suggest that antibodies may function in a similar fashion in humans and/or other animals. If so, the elicitation of protective antibodies may be a desirable objective as part of the development of vaccines and therapies for ehrlichial diseases. It is also possible that antibodies-even if not required for host protection in other intracellular bacterial infections-will nevertheless be useful for vaccines and/or therapies against both the ehrlichiae and other intracellular bacteria of public health significance.
